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Introduction
Microalgae are photosynthetic microorganisms that date back to the oldest fossils on Earth and that began the process of oxygen accumulation in the atmosphere and surface waters approx. 2.4 billion years ago. With the right amount of nutrients, water, carbon dioxide and light energy, these microorganisms are capable of producing and storing many different classes of compounds (Borowitzka, 2013; Luo et al., 2015; Yan et al., 2016) . These compounds include the primary metabolites needed for reproduction like proteins, lipids and carbohydrates, and secondary metabolites, which have diverse functions and chemical structures like flavonoids, terpenoids, and alkaloids. The rapid growth of some microalgae offers opportunities to continuously produce lipid-, starch-or protein-rich biomass, for example for aquaculture (Atalah et al., 2007; Ganuza et al., 2008; Hemaiswarya et al., 2011; Hussein et al., 2013; Velasquez et al., 2016) .
Aside from aquaculture industries, microalgae have also caught the interest of pharmaceutical industries given that these microorganisms contain many chemical compounds with different bioactivities such as antibacterial, antioxidant, anti-inflammatory and anti-viral effects. Numerous reviews have listed the different bioactive products contained in different microalgal species (Borowitzka, 2013; Luo et al., 2015; Yan et al., 2016) . It is noteworthy that some chemicals are ubiquitous while others are more genus-specific or even speciesspecific.
Microalgae are attractive for food and energy security because they can be cultured without competing for arable land or biodiverse landscapes in almost any type of water (fresh, brackish, seawater) including wastewater. Considerable efforts are underway to develop them as a commodity for food, feed and biofuel production. Despite of all these advantages, the popularity of microalgae farming has only been increasing at a very slow rate because of the high capital and operating costs. High costs are mainly due to the lack of technology or knowledge of potential microalgae farmers on how to culture these microorganisms efficiently. This review will focus on recent advances in the processes of Nannochloropsis sp.
culturing, harvesting and processing.
Nannochloropsis sp. is one of the few species accepted as food and is therefore of broad interest as a highly productive commodity where a biorefinery concept for zero-waste, multiple-products concept can be applied. Important aspects of a biorefinery are the topics of:
(1) induction of high-value metabolites, (2) harvesting, and (3) high-value metabolite extraction techniques.
Properties of Nannochloropsis microalgae
Nannochloropsis is a unicellular alga of the class Eustigmatophyceae, found in both marine and freshwater sources. It is a small spherical (or slightly ovoid) alga with a cell diameter of 2-5 µm (Gwo et al., 2005) . Figure 1 shows a microscopic image of Nannochloropsis sp. BR2, isolated from the Brisbane River, Queensland, Australia. Nannochloropsis has only chlorophyll a and violaxanthin as its main pigment. Its cell wall is composed of two different components: fibrillar and amorphous. The most common fibrillar component is cellulose, while the amorphous component is a mixture of polysaccharides, proteins, and lipids (Sukarni et al., 2014) . For Nannochloropsis gaditana, the cell wall is a bilayer structure consisting of a cellulosic inner wall, which is protected by an outer hydrophobic algaenan layer (Scholz et al., 2014) . This algaenan layer has been found to be composed of long, straight-chain, saturated aliphatics with ether cross-links (Scholz et al., 2014) .
There is a great interest in Nannochloropsis production, mainly because this microalga contains a considerable amount of lipids. On average, the lipid content of Nannochloropsis ranges from 25-45% as shown in Table 1 . For this reason, Nannochloropsis has been shown to have a great potential to be used as a feedstock for biofuel production. Moreover, this microalga also contains an appreciable amount of omega-3 fatty acids, mostly in the form of all (5Z,8Z,11Z,14Z,17Z)-eicosapenta-5, 8, 11, 14, (Figure 2) , which has been shown to provide many health benefits to humans (Adarme-Vega et al., 2012) . Mühlroth et al. (2013) presented a comprehensive review on omega-3 fatty acid biosynthesis in Chromista. They also showed a complete picture of the biosynthetic pathway of omega-6 and omega-3 fatty acids in Phaeodactylum tricornutum, which is a well-studied microalga because of the complete sequencing of its genome. The biosynthesis of fatty acids starts from acetyl-CoA. This biochemical compound is elongated with the attachment of carbon dioxide or bicarbonate as it goes through the fatty acid synthesis cycle. The cycle will increase the length of the molecule to 16 or 18 carbons. Since Nannochloropsis is a eukaryote, stearoylCoA (C18) is released from the chloroplast and is desaturated to produce the monounsaturated fatty acid, oleoyl-CoA (C18:1n9). This fatty acid is then attached to a glycerol backbone to form mono-, di-, or triglycerides. The lipid oleoyl group is desaturated again to form the linoleoyl (C18:2n6) group. This is the intermediate for the synthesis of omega-3 and other omega-6 fatty acids. The linoleoyl group can go through two different pathways: omega-6 pathway and omega-3 pathway. Both pathways contain a number of ∆6-and ∆3-desaturases for omega-6 and omega-3 fatty acids, respectively. Elongases are also present in both pathways to add more carbon atoms to the C18 lipids, forming C20 lipids.
Finally, EPA is either transferred back to the chloroplast to attach to a glycolipid or goes through the Kennedy pathway, which is responsible for synthesizing phospholipids. Thus, EPA is found in the polar (e.g. glycolipids) and phospholipid fractions. In fact, Bondioli et al. (2012) observed that under nitrogen-starved conditions, 21.65% and 19.26% of the EPA are found in the polar and phospholipid fractions, respectively, for Nannochloropsis sp. F&M-M24, and only 3.3% is found in the neutral fractions (Bondioli et al., 2012) .
Lipid and omega-3 fatty acid induction in Nannochloropsis

Nannochloropsis EPA and nutrient limitation
Studies have shown that under nutrient-limited conditions, the lipid content of Nannochloropsis increases. Martin et al. (2014) showed a 52% increase in the total lipid of nitrogen-depleted Nannochloropsis sp. Furthermore, Bondioli et al. (2012) observed a 75% increase in the lipid content for the nitrogen depleted Nannochloropsis sp. F&M-M24. Simionato et al. (2013) reported a large increase in the lipid content from 70 to 380 µg/mg dry weight of N. gaditana, while Fakhry and El Maghraby (2015) presented a 61% increase in lipid productivity of Nannochloropsis salina due to nitrogen starvation.
Lipid class analyses have demonstrated that the increase in lipid content is due to the increase in the production of neutral lipids (Bondioli et al., 2012) . Most of these neutral lipids are triacylglycerides (TAGs); however, there are notable decreases in the other lipid classes (Martin et al., 2014; Simionato et al., 2013) . Nevertheless, the decrease in the other lipid classes is not equivalent to the increase in the content of the neutral lipids. This observation implies that, aside from the rearrangement of some polar lipids to form neutral lipids, de novo fatty acid synthesis is also induced (Martin et al., 2014; Simionato et al., 2013) .
In terms of the fatty acid content, Gong et al. (2013) and Xiao et al. (2013) observed that although the concentration of other fatty acids increased, the total EPA content did not change in nitrogen-starved Nannochloropsis oculata and Nannochloropsis oceanica IMET1, respectively. Both studies showed that nutrient limitation cannot induce Nannochloropsis sp.
to accumulate EPA (Gong et al., 2013; Huerlimann et al., 2010; Xiao et al., 2013) . In fact, Xiao et al. (2013) concluded that EPA can be accumulated in the microalga from 8.6% to 24.9% of the total fatty acids when nitrate is fed at a higher concentration (0.06 to 2.2 mMin their study).
Nannochloropsis EPA and micronutrients
In all microalgae culture media formulations, aside from the usual nitrogen, carbon, and phosphorus sources, micronutrients are also present such as iron, zinc, manganese, and optionally vitamins. Camacho-Rodríguez et al. (2015) found that culture media with decreased iron and zinc contents decreased the EPA content in N. gaditana. Furthermore, the same study showed that molybdenum, manganese, and cobalt may be reduced without affecting the EPA productivity. Finally, Camacho-Rodríguez et al. (2015) showed that biotin (Vitamin B7) was important for EPA production while thiamine (Vitamin B1) and cyanocobalamin (Vitamin B12) may be reduced without affecting the growth and EPA content. Chen et al. (2013) also showed that micronutrients are important for growth and EPA content of N. oceanica CY2 by comparing two different culture media where one has more trace elements than the other. In the end, how micronutrients are involved in the Nannochloropsis metabolic pathway is still unclear. Alboresi et al. (2016) studied the effect of light intensity on the lipid accumulation of N. gaditana. They demonstrated that increasing the light intensity from 10 to 100 and 1000 µmol photons m -2 s -1 increased the Nile red fluorescence, which indicates increased lipid content. Similar to the nutrient limitation experiments, the increase in the lipid content is largely due to the increase in the neutral lipids, i.e., TAGs, free fatty acids, and diacylglycerols (DAGs). However, in this case, there is no observed decrease in the polar lipids, suggesting that the amount of EPA is not altered. These results were supported by gene expression analysis where genes for chloroplast lipid biosynthesis were down-regulated.
Nannochloropsis EPA and light intensity
On the other hand, the genes for the cytoplasmic lipid biosynthesis were up-regulated (Alboresi et al., 2016) .
It is worth mentioning that under high light (i.e., 1000 µmol photons m -2 s -1 ) conditions, the growth of the microalga was inhibited due to the damage of the photosynthetic apparatus (Alboresi et al., 2016) . The same photoinhibition effect was observed by Sforza et al. (2012) .
Increasing the light intensity to greater than 150 µmol photons m -2 s -1 decreased the growth rate of N. salina (Sforza et al., 2012) . On the other hand, the same increase in the lipid content was observed even when the nitrogen level in the medium was not depleted.
High light intensity increased the EPA content in glycolipids but decreased in phospholipids (Alboresi et al., 2016) . This result implies that there is rearrangement in the EPA content only among polar lipids, which is different from the nutrient-starved case. Thus, the increase in the lipid content is due to the neosynthesis of fatty acids and not from the recycling of polar lipids to form other lipid classes (Alboresi et al., 2016) .
Nannochloropsis EPA and light wavelength
Light wavelength is one of the variables that have been shown to affect microalgal growth.
The main reason for this effect is the presence of different photosynthetic pigments, which absorb different photons of light at specific wavelengths (Table 2 ).
In addition, each microalgal class has its own set of pigments, which may not be present in other classes. Furthermore, species from one class may have different sets of pigments from other species in the same class (Gantt & Cunningham, 2001; Moroney & Ynalvez, 2001 ).
For growing Nannochloropsis sp., Das et al. (2011) observed that blue light is more suitable with an 8% and 10% increase in the growth rate for phototrophic and mixotrophic cultures, respectively. The EPA content was, however, decreased by about 50% when compared to white light. Vadiveloo et al. (2015) , on the other hand, found that white light led to the highest biomass productivity for Nannochloropsis sp. (MUR266). However, in terms of the light to biomass conversion, blue light was found to be the most efficient (Vadiveloo et al., 2015) . Furthermore, the lipid contents of the cultures grown under blue light were significantly higher than those under white light; but, there was no mention of EPA content (Vadiveloo et al., 2015) . In line with the former study, Chen et al. (2013) proved that the electricity consumption yield (i.e. the amount of electricity needed per gram of EPA produced) decreased by about 67% when blue light was used for N. oceanica CY2 EPA production compared to white light.
In another study, Schulze et al. (2016) observed an increase in EPA content when N. oculata was grown under purple light (wavelength of 405 nm). However, in terms of EPA productivity, white fluorescent light was still the best light source for this strain (Schulze et al., 2016) . From all these studies, it is clear that the mechanism on how light color affects Nannochloropsis cells and EPA production is still unclear.
Nannochloropsis EPA and UV radiation
Solar ultraviolet radiation, according to ISO 21348, can be divided into many subtypes. The three most commonly studied subtypes are UVA (315-400 nm), UVB (280-315 nm), and UVC (100-280 nm). Exposing microalgae to UV radiation adds oxidative stress to the microorganism. In response, microalgal cells tend to produce more antioxidant compounds to combat the oxidative stress. The compounds produced vary between microalgal species and also depend on the power and type of UV being used.
An example is a study by Salguero et al. (2005) , where an increased amount of carotenoids from Dunaliella bardawil was found when the cells were exposed to UVA. Forján et al. (2011) found that exposing Nannochloropsis gaditana to 6 µmol photons m -2 s -1 UVA increased the growth rate by 29%. However, the EPA content decreased by about 10% (Forján et al., 2011) . Beacham et al. (2015) obtained similar results when N. salina CCAP 849/3 was exposed to UVC (245 nm). There were different changes in the fatty acid profile of N. salina CCAP849/3 mutants. But, generally, there was a decrease in the amount of PUFAs in the cells. On the other hand, Sharma and Schenk (2015) showed that short UVC exposure at the nutrient stravation stage induced the production of EPA in Nannochloropsis sp. BR2. A 250% increase in EPA content was observed when the cells were irradiated with UVC at 100 µmol photons m -2 s -1 leading to 30% of total fatty acids and up to 12% EPA of total dry weight at higher dosages (Sharma & Schenk, 2015) . As UVC is more damaging to cells than UVA, higher UVC irradiation power led to lower EPA productivity as more dead cells were obtained.
Nannochloropsis EPA and chemical oxidants
To date, there are no studies yet on the effects of chemical oxidants like hydrogen peroxide and bleach to Nannochloropsis. In fact, there are just a few studies using chemical oxidants as stress to microalgae. An example is a study by Battah et al. (2015) where hydrogen peroxide was used as an oxidative stress to Chlorella vulgaris. The authors obtained a 29% significant increase in the lipid productivity when 4 mM hydrogen peroxide was present in the culture medium. Moreover, the amount of unsaturated fatty acids increased from 50.95%
to 54.66% of the total fatty acids. Burch and Franz (2016) showed similar results, however, only when P. tricornutum was under nutrient-starved conditions. A 50%-increase in the neutral lipids was observed 24 h after the addition of 2 mM H 2 O 2 . The same result was not obtained when nutrients were still present in the medium. This study shows the synergistic effect of two different stresses, i.e., the addition of hydrogen peroxide and nutrient starvation. This synergistic effect was also apparent in a study by Zhang et al. (2013) on Chlorella sorokiniana C3. In fact, they found that hydrogen peroxide addition is able to induce more lipid accumulation than nutrient starvation. Nevertheless, there are no mentions of unsaturated fatty acid concentrations in both studies.
Harvesting of Nannochloropsis biomass
Harvesting is one of the main contributors to the high operating costs of microalgae farming.
Harvesting can make up as much as 30-40% of the total production costs, requiring significant infrastructure when centrifuges alone are used (Klein-Marcuschamer et al., 2013; Singh et al., 2013) . Thus, more efficient harvesting techniques are needed to lower the costs.
Techniques that are effective for harvesting some species may not be as effective for Nannochloropsis due to the small size of its cells. For example, filtration may be used to harvest filamentous microalgal species like Spirulina platensis (Jiménez et al., 2003) .
However, for unicellular species, special filters with small pore sizes are necessary. Sandip et al. (2015) used a 70 µm-mesh filter to harvest C. vulgaris, Scenedesmus sp., and Kirchneriella sp. But, they needed to let the culture pass through the mesh for multiple times until a filter cake built. Other most commonly used methods include flotation (Zhang et al., 2016) , sedimentation, and flocculation. Each method has its own set of advantages and disadvantages as stated by Shen et al. (2013) .
More importantly, scalability should always be considered whenever a harvesting method is tested for a specific species. Current research focuses on flocculation as this method is scalable and does not require any amount of electricity (Wan et al., 2015) , except for electroflocculation. Specifically, more focus is given on optimizing the use of chemicals and biomaterials or even new synthetic materials. The chemicals that are commonly used as flocculants are inorganic salts like ferric chloride and aluminium sulphate (Rwehumbiza et al., 2012; Shen et al., 2013; Şirin et al., 2013; Wyatt et al., 2012) . On the other hand, bioflocculants include biopolymers like chitosan, which comes from the deactylation of chitin from crab and shrimp shells (Farid et al., 2013; Şirin et al., 2013) and poly (γ-glutamic acid), an extracellular product from Bacillus subtilis (Zheng et al., 2012) . Modern techniques involve creating new materials like nanoparticles (Farid et al., 2013) , magnetic particles (Hu et al., 2013; Prochazkova et al., 2013) , cationic polymers (Roselet et al., 2016; Vandamme et al., 2010) , polymer composites (Hena et al., 2016) , and even combinations of these materials (Hu et al., 2014) . Table 3 provides a summary of the different flocculants used for harvesting Nannochloropsis. Ultimately, the choice of the flocculants will depend on their prices and the effective concentration that will yield high flocculation efficiencies. Furthermore, the toxicity of the material should be considered, especially if the harvested biomass is intended for human or animal consumption.
Generally, higher amounts of inorganic salt flocculants are required to produce the same flocculation efficiency as organic flocculants. This is because each set of flocculants has different mechanisms. Inorganic salts are able to flocculate solids including microalgal cells by neutralizing the charge of the suspended solids. By reducing the charge repulsion among solid particles, they are able to adsorb to each other and form larger particles, which sink by gravity. On the other hand, organic flocculants follow the interparticle bridging mechanism (Chen et al., 2003) . Since organic flocculants are large molecules, the suspended solids adsorb on these organic molecules via van der Waals forces, or even chemical reactions (Chen et al., 2003) . This adsorption is able to produce bigger particles, which can then settle by gravity. Alternatively, the flocculated cells can be harvested by dissolved air flotation where small air bubbles are generated to float the cells (Zhang et al., 2016) . Flocculation using food-grade materials, such as chitosan, is a promising method, especially since the product is to be sold for human consumption.
Extraction of lipids from Nannochloropsis
Solvent extraction
Traditionally, the methods used in the extraction of lipids are the Folch et al. (1957) and the Bligh and Dyer (1959) methods. The differences of these two methods are the solvent ratios (chloroform, methanol, water) used and the initial solvent/sample ratios as presented in Table   3 . These techniques are able to quantitatively extract the lipids from numerous different samples. The only problem with them is the use of chloroform as it is toxic and a suspected carcinogen. For this reason, it is not viable for large-scale applications. Numerous studies have investigated the use of other organic solvents such as hexane, ethanol, diethyl ether, and isopropanol although these solvents are highly flammable. Some of these studies are listed in Table 4 .
Pretreatment methods
The use of pretreatment methods has been proven to increase extraction efficiencies; thereby, reducing the volume of organic solvents. These processes are implemented to weaken or even destroy the cell walls and thus, enable easier access of the solvent molecules. Some of the pretreatment methods include microwave treatment, ultrasonication, osmotic shock, and enzymatic degradation as discussed in detail by Ghasemi Naghdi et al. (2016) . Numerous researchers have used different combinations of pretreatment methods and solvent systems. Table 4 lists the different combinations used by different studies. Pan et al. (2016) showed that compared to conventional heating, microwave-assisted and ultrasonic-assisted solvent extraction improved the amount of lipids obtained from N. salina threefold. Nevertheless, microwave treatment and ultrasonication are not easily scalable; hence, currently, they might not be the best options for large-scale microalgae farms. On the other hand, osmotic shock, enzymatic degradation, pH shock are easily scalable and need less infrastructure. Osmotic shock pretreatment has been tested on wet Chaetoceros muelleri and wet Chlamydomonas reinhardtii (Yoo et al., 2012) . To our knowledge, no journal article has reported that this method works with Nannochloropsis sp. However, based on the properties of Nannochloropsis sp., the species might be immune to osmotic shock as they can be grown in a wide range of salinities. As for enzyme-assisted extraction, Zuorro et al. (2016) and Wu et al. (2017) have shown that multiple enzymes are needed to obtain the highest extraction efficiencies for Nannochloropsis sp. owing to its thick cell wall. It is, therefore, important to include a cost analysis when choosing the pretreatment method.
Supercritical fluid extraction
Supercritical fluid extraction involves the use of supercritical carbon dioxide (ScCO 2 ), which behaves as a gas but has the density of a liquid. Because CO 2 is nonpolar, its polarity is similar to hexane. Thus, this makes ScCO 2 an alternative solvent for the extraction of lipids.
In addition, ScCO 2 has the advantage of being non-flammable as compared to the flammable hexane. Finally, using ScCO2 for extraction does not leave any traces of the solvent in the lipid extract as ScCO 2 evaporates at normal temperature and pressure.
The main disadvantage of using ScCO 2 is the condition required to produce it. Andrich et al. (2005) demonstrated that for ScCO 2 to extract the same amount of lipids from Nannochloropsis sp. as hexane, the extraction should occur at 55°C and 70 MPa. Santana et al. (2012) showed that ScCO 2 can extract the same amount of lipids from Botryococcus braunii as the Bligh and Dyer method when the extraction is performed at 25 MPa and 50°C.
Finally, Taher et al. (2014) found that ScCO 2 can extract more lipids from Scenedesmus sp.
than other methods by using the conditions: 35 MPa and 50°C. The high pressure requirement is the main drawback of this method as specialized high-powered machines will be needed. Also, from these three studies, it is clear that the extraction efficiencies of ScCO 2 depend on the microalgae since each species will have a different cell wall strengths and different fatty acid and lipid compositions.
Another problem of using ScCO 2 is that its polarity is only capable of extracting neutral lipids, leaving most, in not all, of the polar lipids in the biomass. Low oil yields (5.7-8.6%)
were also observed by Couto et al. (2010) in the lipid extraction of Crypthecodinium cohnii compared to using the Bligh and Dyer method (19.9%). To remedy this, Nobre et al. (2013) proved that the addition of ethanol as a co-solvent increases the lipid extraction yield from 33 to 45%, which is due to the capability of ethanol to extract polar lipids. Nevertheless, the amount of sample that can be extracted at each time is still limited in current supercritical fluid extractors.
Ionic liquid extraction
Another alternative to the use of conventional organic solvents is the use of ionic liquids for lipid extraction. Ionic liquids, also known as molten salts, are substances that have solid phase melting points below 100°C (Rogers & Seddon, 2003) . Other useful advantages of these substances over common organic solvents are their non-flammability, low vapor pressure, and thermal stability. These compounds are synthesized by either cationic/anionic exchange (Bonhôte et al., 1996) or by the neutralization reaction of an acid and a base (Quental et al., 2015) . Ionic liquids are also regarded as designer solvents since their properties can be easily changed by modifying its cation or anion. Thus, the polarity of the ionic liquid can be tuned such that it will be similar to the polarity of the desired compound in the biomass. Some of the common ionic liquids used for microalgal lipid extraction in recent literature are found in Figure 2 .
Because ionic liquids are generally novel, the toxicity of these substances is still unknown.
This poses a serious problem, especially if they will be used for the extraction of products for human consumption. However, there are alternatives to the ionic liquids listed in Table 5 and these ionic liquids contain cations and anions that can be obtained from natural sources. An example of a cation is choline, which can be extracted from soybeans, eggs, and peanuts while fatty acids and amino acids can be used as anions (Toledo Hijo et al., 2016) . Hou et al. (2013) showed that ionic liquids with choline and amino acids as cation and anion, respectively, have low toxicity and high biodegradability. To date, there are no studies that have used cholinium-based ionic liquids for microalgal lipid extraction.
Extraction of proteins from Nannochloropsis
After extracting the lipids, including the omega-3 fatty acids, from Nannochloropsis biomass, the remaining material can be used as feed or fertilizer. However, these products are considered low value. Thus, it is necessary to extract other compounds from the defatted biomass. A possible class of compounds is protein that is rich in essential amino acids. As listed in Table 1 , the protein content of Nannochloropsis ranges from 30-45% of the biomass.
Similar to the EPA content, culture conditions also affect the protein content of Nannochloropsis. Camacho-Rodríguez et al. (2013) observed that the protein content of N.
gaditana decreased from 40% to 30% when the KNO 3 concentration was decreased from 16 mM to 2 mM; Schulze et al. (2016) showed that light color also affects the protein content of N. oculata, with 405 nm LED resulting in the highest protein content (about 58%). The combination of culture conditions should be carefully chosen as increasing one biochemical parameter means decreasing another one.
If the proteins can be extracted and purified, the resulting product can be sold at a higher price especially with the complete set of essential amino acids contained in the proteins (Kent et al., 2015; Tibbetts et al., 2015) . Aside from this, Samarakoon et al. (2013) discovered that N. oculata contains ACE inhibitory peptides, which has important functions in the prevention of hypertension. Furthermore, proteins from Nannochloropsis can be considered vegetarian and can be an alternative for people with soy allergies.
The extraction methods are similar to those of lipids except that aqueous solutions are used.
The main problem with protein extraction is the protein solubility in such solutions. Thus, increasing the extraction efficiency largely depends on varying the physicochemical conditions like temperature, salinity, and pH of the aqueous solutions to increase the protein solubility. Gerde et al. (2013) investigated the possibility of extracting protein from defatted and non-defatted Nannochloropsis biomass. They found that maximum amounts of protein are dissolved at 60°C and pH 11 and that it can be best recovered when the pH is decreased to 3.2. Nevertheless, the protein yields are low at 16% and 30% for the defatted and nondefatted biomass, respectively. Safi et al. (2014) tested different cell disruption techniques to extract proteins from N. oculata. By using high-pressure homogenization, the yield increased to 52.8%.
Another method for protein extraction from Nannochloropsis biomass was applied using membrane filtration (Safi et al., 2017) . These authors were able to obtain 25% protein yield from N. gaditana CCFM-01 with the aid of enzymes to break the cell wall. Testing of other methods were used to extract protein from crops like soybean (Sari et al., 2013) and rapeseed (Sari et al., 2013) , and from other microalgal species like Chlorella fusca (Sari et al., 2013) , C. vulgaris (Coustets et al., 2013; Ursu et al., 2014) , Scenedesmus sp. (Garcia-Moscoso et al., 2013) . These methods include enzyme digestion (Samarakoon et al., 2013; Sari et al., 2013 ), pressurized extraction (Garcia-Moscoso et al., 2013 Ursu et al., 2014) and electroextraction (Coustets et al., 2013) .
Finally, another method for protein extraction is called aqueous two-phase extraction (ATPE). ATPE involves the use of two different aqueous solutions that are able to separate into layers. There are many different types, such as polymer/polymer, polymer/salt, alcohol/salt, and even ionic liquid-based ATPE (Iqbal et al., 2016) . Numerous optimized ATPE methods have been used and obtained high protein yields as presented by Goja et al. (2013) . When conducting ATPE, a number of parameters such as pH, molecular weight, and aqueous solution ratios can be modified. These modifications greatly affect the amount and type of extracted proteins (Iqbal et al., 2016) . Thus, optimization of parameters is necessary to extract the maximum amount. In microalgae research, ATPE is commonly used to extract phycobiliproteins from cyanobacteria like Spirulina (Patil et al., 2006; Patil & Raghavarao, 2007) . However, to date, there are no studies that investigated the use of ATPE for eukaryotic microalgae protein extraction or from Nannochloropsis.
Integration of processes in a Nannochloropsis biorefinery
Due to the high lipid content of Nannochloropsis sp., previous research has mainly focused on culturing these microalgae for biofuel applications. However, the high capital and operating costs provided challenges. Thus, to make Nannochloropsis farming profitable, other high-value products become important as part of a multi-product biorefinery. A biorefinery for Nannochloropsis proposed by the authors of the present study starts with the induction of lipid and EPA production. After this, harvesting is carried by induced settling using food-grade flocculants. The harvested biomass can then be further concentrated by centrifugation and dried, before undergoing omega-3-rich oil extraction. Finally, the defatted biomass can be used for further processing to be used as an animal feed ingredient or even a high-value human protein supplement ( Figure 3 ). Omega-3 fatty acids are currently sourced from fatty fish or krill which is considered unsustainable in the long term (Adarme-Vega et al., 2012) . A vegetarian, land-based source of omega-3 fatty acids from Nannochloropsis could alleviate this issue of declining global fish stocks, while the remaining defatted biomass could help secure high value protein sources. This product would likely drive the economics of a Nannochloropsis biorefinery, as up to US$100 per litre of EPA-rich oil may be achievable. As Nannochloropsis after lipid induction contains approx. 30% lipids, a minimum of 3.3 kg biomass would need to be produced to recover 1 L of oil, resulting in approx. 2.4 kg of defatted, protein-rich biomass as a by-product. When compared to other protein-rich feeds, such as soybean meal, prices of max. US$300/ton can be considered realistic. This means that at a production cost of US$2/kg algal biomass (dry weight), it would cost US$6 to produce 1 L of oil if remaining biomass was to be sold as animal feed.
However, many other scenarios are possible. For example, it is likely that "defatted" biomass still contains significant amounts of EPA that could be interesting to be used as aquaculture or other animal feed that typically require supplementation of omega-3 fatty acids. Other scenarios include the use of whole, unprocessed microalgae as food and/or feed supplement.
For example, Nannochloropsis can be added to food, such as bread, pasta and protein bars to create highly nutritious functional food. This would address the general deficiency of omega-3 fatty acids and minerals, such as zinc, in the human population without the need to take health supplements in the form of capsules. By far, the best economically-sustainable scenario would be achieved if both, extracted EPA-rich oil and high-value protein extracts, can be used for human consumption.
Conclusion
There is significant room for improvements for efficient Nannochloropsis farming. If EPArich lipids are the primary products of a Nannochloropsis biorefinery, conditions for EPA induction and combinations of various methods need to be considered. However, it appears that rapid growth, rather than TAG induction, is the most efficient manner to achieve maximal EPA productivities. More research is needed to determine Nannochloropsis flocculation mechanisms for cost-effective harvesting. Extraction methods should focus on isolating fatty acids such that the remaining biomass can undergo further downstream processing for other compounds. Various product scenarios determine costs, sustainability and large-scale applicability of a Nannochloropsis biorefinery. (Khatoon et al., 2014) *computed as the difference of lipid and protein from 100% *The +1 indicates the amount of water added; 3 is only for the amount of chloroform and methanol. 
